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a b s t r a c t
Temperature offset stability of magnetoimpedance sensor is discussed based on experiments accom-
plished with soft magnetic amorphous material. An amorphous ribbon of Co67Fe4Cr7Si8B14 composition
was tested in a magnetic shield with adjustable internal temperature. DC resistance and complex
components of impedance at frequencies up to 30MHz were investigated in the temperature range
of −20 to +75 ◦C. The measured data were used for the evaluation of temperature dependence of
transverse permeability that is assumed to be a major contributor to the temperature variations
of impedance. We also show that thermal treatments of the amorphous ribbon signiﬁcantly affect
the temperature behaviour of GMI. In case of tested alloy, which has very small negative tem-
perature coefﬁcient of resistivity, the achieved equivalent temperature offset drift is −0.27A/m/K
(−340nT/K).
© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Giant magnetoimpedance (GMI) has been a well-studied phe-
nomenon since half of nineties of the last century. The drastic
change of complex impedance of ferromagnetic conductor upon
the application of magnetic ﬁeld was believed to be very suitable
for wide range of applications in sensors [1]. Some practical appli-
cations have been developed by several laboratories (see [2–6]).
Moreover, some sensors are already commercially available [7]. The
research is mostly focused to exploitable features of the effect as
the sensitivity to tensile stress [8] and torque [9] but does not deal
much with parasitic temperature dependence that might strongly
limit the practical utilisation of newly developed MI materials and
structures in sensing devices. The importance of investigation of
temperature stability arises even more in case of amorphous and
nanocrystalline Co- and Fe-rich alloys with low-Curie temperature
(lying usually between 200 and 400 ◦C).
Among themost important sensor properties belong sensitivity,
offset and their stability. In case of GMI sensors these parameters
are given mainly by the properties of ferromagnetic material used.
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The offset drift of the basic GMI sensor is deﬁned as the drift of
impedance when the measured quantity is zero. The sensitivity
is deﬁned as the slope of quasi-linear part of GMI characteristic,
the Z(H) curve. Both parameters depend on many external effects
such as mechanical stresses, and also the temperature inﬂuence of
impedance of the ferromagnetic conductor. Indeed, there are some
fabrication techniques that can suppress the inﬂuence of parasitic
agents. For example, magnetostriction constant and sensitivity to
stress canbe tailoredby Jouleheating [10]. Annealingunder applied
magneticﬁeldand/or stress candecrease the sensitivity to transver-
salmagneticﬁeld (inducing suitablemagnetic anisotropy.However,
these fabrication techniques do not solve the problem of tempera-
ture stability of GMI effect.
Despite of marginal attention devoted to the temperature tests,
few works appeared triggered by Kim et al. who reported on
GMI behaviour of Co-rich ribbons in a “low-temperature envi-
ronment” (from 10 to 300K) [11]. Later on, ﬁrst investigations of
the temperature stability with respect to the annealing procedure
were achieved on Co-rich material by Jiang et al. [12]. However,
the temperature span still remained at the “low temperatures”.
Tehranchi et al. pushed the range towards more conventional tem-
peratureswhencomparingGMIbehaviourof as-cast and Joule-heat
annealed Co-rich ribbons in temperatures from−170 to +60 ◦C [13].
Honkura [14] and Mala´tek et al. [15] discuss stability of single- and
double-core GMI sensors in temperatures up to +80 ◦C. Some more
improvements of GMI sensors appeared also in Refs. [16,17].
This paper deals with the offset changes of the GMI effect
and GMI sensors within the “conventional” industrial temperature
range (from −20 to +75 ◦C).
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Fig. 1. GMI response—Z(H) curve@1MHzof bothas-cast (full squares) andannealed
(empty circles) Co67Fe4Cr7Si8B14 ribbon. A narrow-ﬁeld detail of the response is
shown in the inset.
2. Experiments
2.1. Samples preparation
Amorphous ribbon of Co67Fe4Cr7Si8B14 composition, 17m
thick and 1.2mm wide, was prepared by planar ﬂow-casting at
the Institute of Physics of the Slovak Academy of Sciences. In order
to improve the GMI characteristics the samples of 11 cm in length
were annealed for 10min at 380 ◦C under the axial magnetic ﬁeld
of 2400A/m. After such treatment the ribbon remains amorphous.
The GMI responses of the as-cast and the annealed samples mea-
suredat1MHzare shown inFig. 1 and theirdetails invicinityof zero
ﬁeld are depicted in the inset. The ﬁeld annealing induces longitu-
dinal anisotropy in the material (easy magnetisation axis aligned
with the ribbon axis), which results in the change of GMI from the
“double-peak” (full squares) to the “single-peak” (empty circles)
behaviour. TheGMIpropertieswere also improveddue to the relax-
ation of inhomogeneous internal stresses introduced by the rapid
quenching. Themagnetoimpedance ratio (MIR) deﬁned as in Eq. (1)
increased from 141% to 300% at the frequency of 1MHz:
MIR = 100 × Z(H) − Z(Hmax)
Z(Hmax)
(1)
Hmax is that largemagnetic ﬁeld that it nearly saturates the GMI
effect, hence the impedance Z(Hmax) approaches the value of non-
ferromagnetic conductor with the same dimensions and the same
electric resistivity.
2.2. Temperature behaviour
The specimens were placed in a six-layer permalloy shield with
embedded temperature chamber. The impedancewasmeasured by
means of an auto-balancing RCL bridge HP4825A in the frequency
range from 100kHz to 30MHz.
During the impedance measurements, the temperature spans
of −20 to +77 ◦C and −23 to +82 ◦C were used for the as-cast
and the annealed sample, respectively. Fig. 2(a) shows the tem-
perature dependence of impedance, |Z|/|Zt0|, of the as-cast ribbon
driven at frequencies up to 30MHz. The impedance is normal-
ized with respect to its room-temperature value Zt0. One can see
the increase ofmagnetoimpedance sensitivity to temperature with
growingdriving frequency. This correlation, however, differs for the
annealed sample. The relative temperature change of impedance
modulus |Z| has maximum at 200kHz and, as it is shown in
Fig. 2. Temperature change of impedance Z normalized to the room temperature
impedance Zt0: (a) as-cast sample and (b) ﬁeld annealed sample.
Fig. 2(b), becomes signiﬁcantly smaller for frequencies higher than
1MHz.
Better comparison of the as-cast and the treated samples is
shown in Fig. 3 where the temperature coefﬁcients of impedance
at different frequencies are plotted. Additionally, the real, Re Z
(empty triangles), and the imaginary, Im Z (empty circles), parts
of impedance Z for the annealed sample are shown as well. The
coefﬁcients were calculated from maximal and minimal values of
impedance in the temperature range from −20 to +75 ◦C and were
related to the room temperature value (at 21 ◦C). One can see from
Fig. 3. Temperature coefﬁcients of complex components of impedance Z at given
frequencies.
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the graph that the coefﬁcients remain almost frequency invariant in
case of the treated sample (full circles) and increasewith frequency
in case of the as-cast sample (full squares).
2.3. GMI sensor
When single-core GMI sensor is designed, the proper work-
ing point should be selected on the lateral part of GMI response
by applying the bias ﬁeld Hb [14,17]. Considering the GMI curve
of the annealed sample shown in Fig. 1 we can assume sensitiv-
ity of 0.12/A/m (0.096/T) at 1MHz for the suitable bias ﬁeld
Hb =15A/m. Using given sensitivity and impedance drift (Fig. 3) of
−0.15%/K (@ 1MHz) the temperature offset drift of −0.27A/m/K
(−340nT/K) can be predicted.
Expected temperature offset drift of −340nT/K is in accordance
with the value of−409nT/K,whichwas experimentally achievedby
Mala´tek et al.with aprototypeof single-coreGMI sensor employing
the same annealed Co-rich ribbon [15]. Comparing the results with
the amorphousmicrowireGMI sensor reportedbyHonkura [14] the
treated Co-rich ribbon has almost three times lower temperature
offset drift. Still, the value is too large to be suitable for precise
magnetic sensors.
2.4. Transverse permeability estimates
Additionalmeasurement of DC resistancewas accomplished for
the annealed specimen using the RLC bridge at its lowest frequency
of 20Hz. In order to investigate the temperature dependence of
resistivity, the specimen was placed again in the temperature
chamber inside the permalloy shield. The temperature dependence
of DC resistance in the temperature range from −25 to +75 ◦C is
plotted in Fig. 4 (empty circles). In this particular alloy a very
small negative linear temperature dependence of resistivity with
a coefﬁcient of −0.005%/K was observed. This negative coefﬁcient
can slightly enhance the skin depth and increase GMI effect with
growing ambient temperature. This is, however, in contradiction
with the observed temperature dependence of impedance modu-
lus |Z|—see the measurement accomplished at 1MHz (full squares
in Fig. 4).
There are three temperature-dependent quantities that can
affect directly the impedance Z: DC resistivity, thermal expan-
sion and permeability in transverse (circumferential) direction.
The observed negative resistivity coefﬁcient, as it was mentioned
above, would increase the impedance with growing temperature.
The thermal expansion can, in the worst case, cause the change of
impedance only about two orders lower than the measured one.
Fig. 4. Temperature dependences of resistance RDC and impedance |Z| of annealed
sample measured at 1MHz.
Fig. 5. Evaluated temperature characteristics of the relative transverse permeability
at 1MHz for the treated material.
Thus it is expected that the dominant effect originates from the
changes of transverse permeability t.
To explain the temperature dependence of magnetoimpedance
in this frequency region a simple electromagnetic model of GMI
effectwill be used [1]. Let us assume that the ribbon can be approx-
imated by an inﬁnite planar ferromagnetic conductor. The model
can be described by a simpliﬁed formula for impedance then
Z = RDC
k · t
2
cot
(
k · t
2
)
(2)
where t is the thickness, RDC the DC resistance and the propagation
constant k is equal to (1− j)/ı, where ı is penetration (skin) depth
and j is the imaginary unit.
Fig. 5 shows an estimate of the relative transverse permeabil-
ity t with respect to ambient temperature. As can be seen, rapid
decrease of the permeability t is observed for temperatures above
40 ◦C. It is worth mentioning that the compensation due to nega-
tive resistivity temperature coefﬁcient is not negligible. While the
transverse permeability t at +80 ◦C fall down below 70% of the
room temperature value (see Fig. 5), the impedance modulus |Z|
at 1MHz decreases to only 87% of the reference value (downward
triangle in Fig. 2(b)).
3. Conclusions
In this paper, we have discussed the problem of temperature
stability of MI sensors, as shown on Co67Fe4Cr7Si8B14 ribbons.
We also estimated temperature offset drift of the GMI sensor
using this particular material. The huge temperature offset drift of
−0.27A/m/K (−340nT/K) could be even larger for materials with
positive resistivity temperature coefﬁcient. This work also points
out that:
• temperature stability is common problem for majority of GMI
sensors;
• appropriate thermal treatments of amorphous materials should
be carefully selected not only for the improvement of magnetic
properties, but also with respect to the adjustment of tempera-
ture stability.
It is worth mentioning that the temperature drift of the offset
could be also suppressed by an appropriate construction/operation
of sensor using a double-core structure [15] or AC bias ﬁeld
[16,17]. Additional improvement of temperature stability can also
be achieved by moving from classical GMI effect to one of the “off-
diagonalmagnetoimpedance”methods that sense the voltage from
a pick-up coil instead of the voltage drop between the ends of the
ferromagnetic sample [7,14,17,18].
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